Predicted increases in the frequency and severity of droughts have led to a renewed focus on how plants physiologically adjust to low water availability. A popular framework for understanding plant responses to drought characterizes species along a spectrum from isohydry to anisohydry based on their regulation of gas exchange and leaf water potential under drying conditions. One prediction that arises from this theory is that plant drought responses may hinge, in part, on their usage of non-structural carbohydrate (NSC) pools. For example, trees that respond to drought by closing stomates (i.e., isohydric) are predicted to deplete NSC reserves to maintain metabolism, whereas plants that keep stomata open during water stress (i.e., anisohydric), may show little change or even increases in NSC concentration. However, empirical tests of this theory largely rely on aboveground measurements of NSC, ignoring the potentially conflicting responses of root NSC pools. We sought to test these predictions by subjecting potted saplings of Quercus alba L. (an anisohydric species) and Liriodendron tulipifera L. (an isohydric species) to a 6 week experimental drought. We found that stem NSC concentrations were depleted in the isohydric L. tulipifera but maintained in the anisohydric Q. alba-as predicted. However, when scaled to whole-plant NSC content, the drought-induced decreases in stem NSCs in L. tulipifera were offset by increases in root NSCs (especially soluble sugars), resulting in no net change to whole-plant NSC content. Similarly, root sugars increased in Q. alba in response to drought. This increase was concurrent with declines in growth, suggesting a potential trade-off between allocation of photoassimilates to root sugars vs biomass during drought. Collectively, our results suggest that the responses of NSC in coarse roots can differ from stems, and indicate a prominent role of coarse roots in mitigating drought-induced declines in whole-tree NSC pools.
Introduction
Current projections indicate that the frequency and intensity of droughts is likely to increase worldwide (Huntington 2006 , Cook et al. 2015 . As such, there has been strong interest in developing conceptual frameworks that can account for the heterogeneity of plant responses to drying conditions. A popular framework for understanding tree responses to drought characterizes species along a spectrum from isohydry to anisohydy (Tardieu and Simonneau 1998, Domec and Johnson 2012) . This framework is based on the idea that a plant's stomatal behavior and hydraulic status respond in predictable ways as drought stress is exacerbated. Isohydric species tend to close their stomates as soil water declines, maintaining relatively stationary leaf water potential (Ψ L ). In contrast, anisohydric species keep stomata open, allowing Ψ L to decline yet increasing the risk of xylem failure under increasingly negative tension. While there is now a rich body of literature demonstrating the efficacy of this framework for guiding research on physiological responses to drought (McDowell et al. 2008 , McDowell 2011 , most of the work has focused on leaf-level gas exchange and hydraulics, with relatively less consideration of whole-plant carbon (C) balance and trade-offs between competing C sinks.
Short-term physiological adjustments that allow trees to cope with drought-such as stomatal regulation-have important ramifications for how trees assimilate, allocate and use C. For example, shifts in biomass allocation to roots and stems are commonly seen in drought-stressed trees (Brunner et al. 2015 , Phillips et al. 2016 , the magnitude of which may relate to a species' degree of isohydry (Brzostek et al. 2014) . Additionally, trees alter the allocation to-and mobilization from-their large stores of soluble sugars and starches (non-structural carbohydrates, NSCs). Nonstructural carbohydrates represent a massive C pool in mature forests, from 230 to 1600 g C m , enough C to regrow foliage one to four times over (Dietze et al. 2014) . That NSCs represent such a large, yet variable, C pool indicates that an improved understanding of the sensitivity of this pool to drought-in both isohydric and anisohydric trees-is crucial for predicting how droughts can affect ecosystem C cycling.
Recent work has focused on the role of allocation to NSC pools as an active drought tolerance mechanism that can occur at the expense of growth (O'Brien et al. 2014 (O'Brien et al. , 2015 . However, interpretation of NSC dynamics is complicated by the observation that NSCs can serve different roles depending on their chemical composition (i.e., soluble sugars versus starches) and location within a tree (i.e., stems versus roots). For example, soluble sugars are usually regarded as an important metabolic substrate and osmoregulatory compound, whereas starch likely plays an important role for longer-term C storage (Dietze et al. 2014) . Consequently, fluctuations in soluble sugar versus starch pools are commonly used to infer the functional demands of trees during environmental stress. In addition, while NSCs in more ephemeral tissues (leaves and fine roots) are likely used for osmoregulation, it is generally established that longer-lived tissues (e.g., stems and coarse roots) are primarily involved in NSC storage, and are the pools that trees can utilize to buffer against stress (Hartmann and Trumbore 2016) . Despite these tissue-specific functions, many studies infer a plant's C balance based solely on leaf or stem NSC (e.g., Sevanto et al. 2014 , Woodruff et al. 2014 , Dickman et al. 2015 , Rowland et al. 2015a )-neglecting the role of other sinks such as roots in controlling whole-plant NSC content.
While it is well-known that NSCs play an important role during drought stress, current studies on how NSC pools change during drought report highly disparate results. Indeed, NSC depletion (Galiano et al. 2011 , Woodruff et al. 2014 , maintenance (Anderegg et al. 2012, Anderegg and Anderegg 2013 ) and even accumulation (Galvez et al. 2011 , O'Brien et al. 2015 have been observed in response to drought stress and seem to be highly species-specific responses. While it has been proposed that drought-induced changes in NSCs might relate to a species' hydraulic strategy (McDowell 2011 , Mencuccini et al. 2015 , empirical support for this hypothesis is sparse.
Adopting a whole-plant perspective that considers the integrated responses of both C sources and sinks in various tissues should yield new insight into how various NSC pools change during drought. To this end, we imposed a 6 week soil moisture reduction treatment on potted saplings of two species-one isohydric and one anisohydric-and monitored changes in C assimilation (A), stomatal conductance (g s ), Ψ L and C sinks (NSC content, growth and leaf respiration). We hypothesized that isohydric trees would deplete NSC in the primary storage tissues (stems and coarse roots), causing large reductions in whole-plant NSC content. These reductions in whole-plant NSC could arise due to decreased assimilation in the face of a continued need for respiratory C. We further hypothesized that anisohydric trees should maintain C assimilation during drought, resulting in continued growth and static NSC content-assuming tree water status is sufficient to avoid growth limitation by turgor or cell wall extensibility. By testing these hypotheses, we will improve our understanding of the extent to which isohydric and anisohydric species display characteristic NSC dynamics during periods of soil moisture stress. We will pay particular attention to how tissue-specific fluctuations in NSC concentration scale to affect whole-plant NSC content, and how the NSC pool interacts and potentially trades-off with C allocation to other sinks such as growth and leaf respiration.
Materials and methods

Tree species and planting
Two tree species that are dominant in the central hardwoods region of North America were chosen for this study: Liriodendron tulipifera L. (tulip poplar) and Quercus alba L. (white oak). These species possess contrasting drought tolerances and hydraulic strategies, as field studies of mature trees indicate that L. tulipifera is strongly isohydric while Q. alba is anisohydric (Brzostek et al. 2014 , Roman et al. 2015 , Yi et al. 2017 . Tree saplings were obtained from Vallonia Nursery (Indiana DNR, Vallonia, IN, USA). Trees were planted 15 months prior to the beginning of this study and were well-watered throughout that period. All trees were 3-4 years in age and ranged from 1 to 2 m in height. Liriodendron tulipifera saplings were planted in 20 cm × 46 cm (9.6 l volume) pots whereas Q. alba was planted in 20 cm × 32 cm (7.6 l volume) pots. Soils were a local mesic Typic Paleudalf cut with 50% coarse building sand by volume to facilitate improved drainage.
Experimental soil drying
Half of each tree species were exposed to an experimental drought treatment while the remaining trees were used as controls (n = 6 for each treatment × species combination). Drought trees were subjected to a 6 week soil moisture reduction in which volumetric water content (VWC) was gradually reduced over the course of 1 week (see Figure S1 available as Supplementary Data at Tree Physiology Online). These trees were watered periodically throughout the experiment to maintain VWC at near-constant drought levels (3-5% VWC) while avoiding severe loss of turgor in leaves. Control trees were maintained at 12-15% VWC for all 6 weeks. Volumetric water content was measured every 2-3 days for all trees using a HydroSense II moisture probe (Campbell Scientific, Logan, UT, USA). Greenhouse daily high temperatures were maintained from 22 to 31°C and relative humidity averaged~50%.
Gas exchange and Ψ L data collection
Measurements of A and g s were recorded bi-weekly on all trees using an LI-6400 XT (Li-Cor Inc., Lincoln, NE, USA) at the following chamber conditions: 400 ppm CO 2 concentration, 1000 μmol m −2 s −1 photosynthetically active radiation, 25°C leaf temperature and flow rates set to 500 μmol s −1
. Vapor pressure deficit was kept between 1.7 and 2.3 in the chamber at the time of each measurement and each measurement was made in less than 2 min to avoid increases in chamber humidity. Midday Ψ L was measured bi-weekly on a subset of trees using a Model 610 Scholander-type pressure chamber (PMS Instrument Company, Corvallis, OR, USA). To allow equilibration of leaf water potential with xylem water potential, one leaf from each tree was covered with aluminum foil for 15 min prior to measurement. All daytime measurements were made between 10 and 2 p.m. on warm, sunny days. Predawn Ψ L was measured weekly on the same days as midday Ψ L , but between 1 and 3 a.m. and without the 15 min equilibration period. Leaf dark respiration (R) was measured weekly between the hours of 1 and 3 a.m. on all trees via the same protocol as A and g s , but with photosynthetically active radiation set to zero.
Growth measurements and NSC analysis
Tree growth was quantified by measuring changes in radial growth increments using digital calipers and by destructive harvest. Three times throughout the course of the experiment (Week 0, Week 3 and Week 6), we measured tree diameter on each stem (at 30 cm height). The rate of radial growth over the course of the experiment (in mm per day) was estimated as the slope of a fitted relationship between stem diameter and time. At Week 6, all drought-stressed and control trees were destructively harvested, and split into leaf, stem, fine root (root orders 1 and 2) and coarse root (root order >3) pools. Biomass samples were frozen at −80°C within 1 h and freeze-dried within a week to prevent degradation of organic compounds. Samples were then ground to a particle size of <0.5 mm first using a coffee grinder followed by a SPEX 2010 Geno/Grinder (SPEX Sample Prep, Metuchen, NJ, USA).
Soluble sugar and starch concentrations in ground tissues were measured using a sequential extraction protocol adapted from Chow and Landhäusser (2004) . Briefly, soluble sugars were extracted using a methanol:chloroform:water liquid phase extraction and starches were depolymerized in weak sulfuric acid at 90°C for 30 min. Both extracted soluble sugars and depolymerized starch solutions were exposed to concentrated sulfuric acid and phenol, followed by a 10 min color development phase and a 30 min room temperature water bath phase. Non-structural carbohydrate concentrations were determined colorimetrically on a Shimadzu UV-1700 spectrophotometer (Shimadzu Corporation, Kyoto, Japan) set to 490 nm. Spectrophotometric data were converted into NSC concentrations using a standard curve created from a 1:1:1 glucose:fructose:galactose solution. Non-structural carbohydrate concentrations (in % dry mass) were scaled to whole-tree NSC content (in g C per tree) using species-specific values for % leaf mass, % stem mass, % coarse root mass and % fine root mass. These values were developed from trees (n = 16 per species) that were purchased from the same vendor (and at the same time) as the experimental trees, and grown under identical conditions in the greenhouse (see Table S2 available as Supplementary Data at Tree Physiology Online). We assumed that our 6 week drought treatment was unlikely to significantly shift biomass distribution, and therefore these trees were grown under control (well-watered) conditions.
Data analysis
For all statistical tests, normality of residuals was assessed via Shapiro-Wilk test and homoscedasticity was assessed via Levene's Test. When necessary, data were natural log transformed. Responses of physiological parameters to drought were assessed using linear models, while differences between species were determined using ANCOVA with species as the covariate. Differences in NSC dynamics and radial growth within and between species were assessed using t-tests. All statistical analyses were conducted in R 3.2 (cran.us.r-project.org).
Results
Gas exchange and leaf water potential
Predawn Ψ L and midday Ψ L declined in both tree species in response to experimental soil VWC reduction (Figure 1a , P < 0.0001, L. tulipifera r 2 = 0.71, Q. alba r 2 = 0.96). However, the slope of this relationship differed between species, and was 30% lower for L. tulipifera than Q. alba (P < 0.0001). To eliminate the possibility that this relationship is driven by a few influential data points, we re-ran the analysis without the two most negative L. tulipifera predawn Ψ L values and the slopes still differed (P = 0.04). In addition, the removal of any data points where predawn Ψ L is more negative than midday Ψ L did not significantly alter the relationship presented in Figure 1a . Given that the slope between predawn Ψ L and midday Ψ L is a commonly used metric of isohydry (Martínez-Vilalta et al. 2014) , our results confirm that Q. alba was more anisohydric while L. tulipifera was more isohydric-consistent with results from field studies of mature trees. Contrary to our predictions, both species maintained high levels of A until VWC declined to 4-5% VWC, where A decreased rapidly to nearly zero at ≈3% VWC (Figure 1b ). Despite similar declines in A during soil VWC reduction, L. tulipifera significantly decreased g s (Figure 1c , P < 0.0001, r 2 = 0.58) whereas Q. alba did not (P = 0.09, r 2 = 0.14). Both L. tulipifera (P < 0.001, r 2 = 0.67) and Q. alba (P = 0.03, r 2 = 0.34) significantly decreased R in response to declining soil water (Figure 1d ), although the rate of decline did not differ between species (P = 0.23).
Non-structural carbohydrate concentrations
In leaves, sugar and starch NSC concentrations responded similarly as NSC concentrations were maintained in both species in response to the experimental drought (Figure 2 , see Table 1 for statistical output). The overall magnitude of sugar NSC was higher in L. tulipifera, while starch concentrations in Q. alba surpassed those of L. tulipifera only in the control treatment.
In stems, the responses of L. tulipifera and Q. alba NSC to drought diverged significantly. Quercus alba maintained sugar NSC concentrations during drought while they were severely depleted in L. tulipifera (Figure 2 )-decreasing NSC concentrations from 3.1% in control trees to 1.1% when droughtstressed. Starch NSC in L. tulipifera decreased slightly over the course of the drought while Q. alba starch concentrations increased. Sugar NSC concentrations were similar between L. tulipifera and Q. alba in control trees, but lower in droughtstressed trees. Starch NSC was much higher in Q. alba than in L. tulipifera across both treatments.
Coarse root NSCs in L. tulipifera and Q. alba also responded similarly to drought (Figure 2) , as both species increased sugar concentrations while maintaining starch NSC. Furthermore, both species had a similar amount of coarse root sugar, while starch concentrations in Q. alba were much higher over the experimental period than those of L. tulipifera.
Fine root sugar NSCs in Q. alba increased in response to drought while L. tulipifera did not alter sugar concentrations (Figure 2 ). Both species maintained fine root NSC across treatments. The magnitude of sugar NSC was larger in L. tulipifera but NSC concentrations were similar between species across all other NSC types and tissues.
Non-structural carbohydrate content
When scaled to whole-plant NSC content, L. tulipifera and Q. alba had significantly different responses to drought stress (Figure 3) . While L. tulipifera decreased stem NSC content by 61% (P < 0.01), this effect was offset by a 66% increase in coarse root NSC (P < 0.01), resulting in no net change to whole-tree NSC content (P = 0.56). Quercus alba experienced moderate (but not statistically significant) increases in wholetree NSC content (P = 0.08), with the largest changes (35%) occurring in coarse roots. Tree Physiology Online at http://www.treephys.oxfordjournals.org
Growth
Quercus alba had significantly higher levels of radial growth in the control treatment than L. tulipifera (Figure 4 , P = 0.05) and trees growing under reduced soil VWC experienced significantly decreased growth (P = 0.04). In contrast, L. tulipifera radial growth did not differ among treatments (P = 0.87). Liriodendron tulipifera radial growth was also non-significant in both treatments. These patterns were consistent with those observed for post-experiment tree biomass in control and drought treatments (see Table S1 available as Supplementary Data at Tree Physiology Online). However, a lack of pre-treatment biomass data precludes any robust inference about drought effects on tree biomass accumulation.
Discussion
We sought to discern (i) the extent to which a tree's hydraulic strategy controls NSC dynamics, (ii) how the integrated responses of NSC pools to drought in leaves, stems and roots affect whole-plant NSC balance and (iii) if allocation to NSC pools trades-off with other C sinks such as leaf respiration or growth. Our results indicate that L. tulipifera and Q. alba differed in how they allocated C to biomass and NSC content. In response to drought, L. tulipifera depleted stem NSC but surprisingly increased coarse root NSC, resulting in no net change in whole-plant NSC content. Similarly, Q. alba maintained wholeplant NSC content in response to drought, though possibly at a cost to growth. Taken together, these results suggest that there may a trade-off between C allocation to NSCs and growth, and that NSC dynamics in stems may not be indicative of whole-plant NSC content.
Physiological responses to drought
The two species regulated Ψ L differently in response to declining soil VWC. Whereas Q. alba exhibited a classic anisohydric response, maintaining a midday Ψ L that tracked predawn Ψ L , L. tulipifera slightly buffered midday Ψ L from declines in predawn Table 1 . Error bars represent ± standard error. Table 1 . P-values for the responses of L. tulipifera and Q. alba NSC concentrations to drought stress. Within-species differences denote comparisons between drought and control treatment within a single species, while between-species differences denote comparisons between species within the same treatment. Significant differences (α = 0.05) are in bold. Ψ L -a more isohydric response. These results are qualitatively and quantitatively similar to drought responses observed for these species in mature forests (Brzostek et al. 2014 , Roman et al. 2015 . As predicted from the isohydry-anisohydry framework, g s declined more rapidly with declining soil VWC for the isohydric L. tulipifera; however, both species decreased A at the same rate in response to drought. While this result is not consistent with results from mature field-grown trees of the same species, for which L. tulipifera A was reported to decline more rapidly during drought when compared with oak species (Roman et al. 2015) , other work has also shown that photosynthesis and stomatal conductance can be decoupled during periods of drought stress (Farquhar and Sharkey 1982 , Epron et al. 1993 , Garcia-Forner et al. 2016 , Novick et al. 2016 . Overall, our data support the idea that a tree's degree of isohydry may not be a particularly robust indicator of photosynthetic responses to drought, highlighting the need for a more comprehensive understanding of the interplay between A and g s in drought-stressed anisohydric trees.
NSC
In addition to similar patterns in A, both species decreased R at the same rate as the drought treatment progressed. The responses of leaf respiration to drought have been observed to be highly variable, with various studies showing increases, decreases or even maintenance of the respiratory C sink during drought (Metcalfe et al. 2010 , Mitchell et al. 2013 , Rowland et al. 2015b . This is unsurprising given the numerous contextual factors such as drought intensity, length and species-specific repair processes that can interact to affect respiratory fluxes in trees (Cannell and Thornley 2000) . While our results do not go far in resolving this debate, it is important to note that both our species had similar patterns in both A and R. While our A and R observations only represent a snapshot measurement and not a time-integrated measurement of C flux, our results would suggest that changes in NSC concentrations as a result of contrasting assimilatory and respiratory dynamics in response to drought are unlikely.
Non-structural carbohydrate dynamics
Despite similar patterns in leaf NSCs and leaf-level source-sink dynamics between the two species, L. tulipifera decreased stem sugars to nearly zero at the end of the drought treatment while Q. alba maintained sugars and increased starches. Several studies have investigated how isohydric and anisohydric species manage stem NSC stores (Anderegg et al. 2012 , Woodruff et al. 2014 , Dickman et al. 2015 , and our results confirm the hypothesis that isohydric species typically deplete stem NSC while anisohydric species maintain or accumulate stem NSC. However, it is clear that any inferences derived from these stem NSC data are incomplete, as both species also significantly increased coarse root NSC (especially sugars) during the drought period. Overall, we observed nearly twofold increases in coarse root soluble sugar for both species, coupled with static coarse root starch concentrations. While coarse roots are usually considered a primary C storage pool (Hartmann and Trumbore 2016) , our observation of increased soluble sugar concentrations instead support the role of coarse root sugars for maintaining osmotic potential during drought.
While it appears that the responses of stem NSC concentrations to drought may track a species' hydraulic strategy, the possibility of a compensatory response in other tissues casts uncertainty on theories and predictions made from observations of stem NSC fluctuations alone. However, it is unknown whether the observed increases in Q. alba coarse root NSC are due to the allocation of new photoassimilate to these tissues, or if the increase in root NSC represents the transport of existing NSC belowground (Hartmann and Trumbore 2016) . Mobilization of NSC belowground may be used to support root growth in addition to osmoregulation, potentially playing a role in alleviating resource limitation as soil dries. Further work is needed to discern both the source and fate of this additional belowground NSC. Tree Physiology Online at http://www.treephys.oxfordjournals.org Non-structural carbohydrate concentrations in L. tulipifera and Q. alba showed mostly similar responses to drought in leaves and fine roots. Unsurprisingly, neither species altered leaf NSC concentrations. This static leaf NSC likely reflects a balance between photosynthetic inputs and export (e.g., transport to other tissues, respiration), an explanation consistent with observed reductions in both A and R for each species. In addition, leaf sugars could be actively maintained as an osmoregulatory compound, due to the need to decrease water potential and continue water transport during drought stress (Chaves et al. 2003 , Dietze et al. 2014 . Indeed, static leaf NSC concentrations are frequently observed in response to abiotic stress (Hartmann et al. 2013 , Rowland et al. 2015a . Fine root NSC is largely considered analogous to leaf NSC, serving a role as an osmoregulatory compound and fluctuating based on the balance between NSC imports and export as root exudation (Karst et al. 2017) . Our results confirm this role as fine root NSC concentrations were mostly unchanged during drought for both species (with one exception in Q. alba starch). Studies that measure fine root NSC are not common and frequently differ in drought treatment severity. Despite these differences in experimental design, root sugar concentrations tend to either increase or remain constant in response to drought stress (Kannenberg and Phillips 2017, but see Hartmann et al. 2013 for a counterexample), while root starch tends to remain constant (Maguire and Kobe 2015) . However, while NSC concentrations are high in both of these tissues, their small proportional biomass makes them largely inconsequential for controlling whole-plant NSC content.
Implications for inferences of C starvation
A large body of literature has sought to investigate the incidence of C starvation in isohydric trees. While many studies fail to observe significant decreases in NSC content during drought (i.e., Anderegg 2013, Sevanto et al. 2014) , C depletion has been observed in some cases (Adams et al. 2013 , Woodruff et al. 2014 . However, NSC dynamics often do not coincide with predictions of mortality or other indicators of physiological stress , leading some to question that C starvation per se even exists in trees (Sala et al. 2010 , Hartmann 2015 . Our results provide a way to connect these disparate findings by raising the possibility that stem NSC measurements may not be an indicator of whole-plant NSC balance, implying that inferences of C depletion derived from stem NSC data must consider the possibility of contrasting responses in other tissues.
Coarse root and stem tissues tend to comprise the vast majority of total tree biomass in most species. This implies that even small changes in coarse root and stem NSC concentrations can have large impacts on whole-plant NSC pools. By scaling our measurements of NSC concentration to NSC content, we were able to estimate the effects of drought on whole-plant NSC balance. Despite observing the predicted depletion of stem NSC in L. tulipifera, increases in coarse root NSC content counteracted this effect, resulting in no net change to total plant NSC content. While Q. alba did not deplete stem NSC, coarse root NSC increased, moderately increasing total plant NSC content in response to drought. It is important to note that if we, like many other studies, inferred tree C balance from stem NSC measurements, our interpretation regarding C starvation in isohydric trees would be incorrect.
Growth responses and trade-offs with NSC
While our tree species displayed similar drought responses for assimilation, respiration and (despite contrasting tissue-specific responses) NSC content, they differed in their growth responses. Whereas Q. alba significantly decreased growth in response to drought stress, L. tulipifera did not, although it is important to note that this species did not increase radial growth in either treatment. While these patterns are similar to those observed in post-experiment tree biomass, it is nonetheless puzzling that L. tulipifera-normally regarded as a fast growing species in the absence of abiotic stress (Brzostek et al. 2014 , Roman et al. 2015 )-failed to increase diameter over the course of 6 weeks in either treatment. These results may be an artifact of the large amount of variation in observed radial growth rates, or evidence that L. tulipifera grew vertically instead of radially in our control treatment. Notwithstanding the surprising nature of these patterns, the lack of differences in radial growth and biomass accumulation in L. tulipifera between treatments could indicate that the demand for growth C was unchanged in drought trees relative to controls. In contrast, Q. alba severely decreased both radial growth and biomass. As these responses were coupled with moderate increases in NSC content, our results suggest that allocation to NSCs in the face of drought stress can operate as a trade-off with growth (Dietze et al. 2014) . Whether this trade-off is due to active allocation to the NSC pool to alleviate the detrimental effects of drought, or faster decline in meristematic growth relative to assimilation (Hoch 2015) , remains to be seen. In addition, water potential-related controls on hormone expression and cell expansion could also play a sizeable role in affecting C sink dynamics by ceasing growth prior to photosynthesis (Muller et al. 2011) . Our experimental design did not permit us to explore the important interactions between turgor pressure, assimilation, growth and NSC allocation, but these interactions should be the focus of future work on the topic.
A greater understanding of the nature of these dynamics could improve our knowledge of forest responses to environmental perturbations. Current representation of storage C in many plant and ecosystem models considers allocation to NSCs only as an 'overflow' mechanism when all other competing C sink demands are met (McDowell et al. 2013) . Therefore, incorporating tradeoffs between competing C sinks may improve predictions of tree C allocation during drought stress (Fatichi et al. 2014 ).
Conclusions
Our results have important implications for understanding the nature of C starvation in trees. Recent theoretical work suggests that C starvation should predominantly exist in species that exhibit isohydric stomatal regulation (McDowell 2011 , Mencuccini et al. 2015 . While we did observe stem NSC depletion in our isohydric species, increases in other tissues were enough to compensate for these losses. While we cannot rule out the possibility that C depletion in roots could occur over longer timescales, we suggest caution when inferring NSC depletion solely based on stem measurements. Consistent with recent observations that cast doubt on the predominance of C depletion (Anderegg et al. 2012 , Gruber et al. 2012 , Rowland et al. 2015a ), our results imply that C starvation may be an artifact of sampling limitations in some cases. Accordingly, we advise that future studies of C starvation in trees consider the potential of roots to buffer against NSC pool fluctuations on other tissues.
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